Fish oil (FO) mediates a number of cardioprotective benefits in patients with cardiovascular disease. In the absence of cardiovascular disease, however, the effects of FO on cardiac structure and function are not clear. In addition, it is not known if an effective dosing strategy for attenuating age-related cardiac dysfunction is also effective at limiting cognitive dysfunction. Therefore, we determined if 4 months of FO supplementation in aged rats would lessen age-related cardiac dysfunction while concomitantly preventing the cognitive decline that is normally observed in this population. The results indicate that FO initiated late in life modifies diastolic function in a small but positive way by attenuating the age-related increases in filling pressure, posterior wall thickness, and interstitial collagen without mitigating age-related deficits in memory or increases in brain inflammation. These data raise the possibility that FO supplementation for purposes of cardiac and brain protection may need to occur earlier in the life span.
L ONG-CHAIN polyunsaturated fatty acids (LC-PUFAs), especially eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are incorporated into neuronal and myocardial membranes and influence membrane fluidity, ion channel function, signal transduction, and gene expression (1) (2) (3) (4) . LC-PUFAs are primarily obtained from the diet and hepatic synthesis before uptake by other tissues (5, 6) . Fish oil (FO) is a rich source of omega-3 (n-3) LC-PUFAs, including EPA and DHA. Dietary FO supplementation has been shown to be cardioprotective in primary and secondary heart failure prevention trials (7) (8) (9) . Likewise, evidence is accumulating that omega-3 PUFAs improve resting hemodynamics and lipid profiles among healthy older individuals (10) (11) (12) (13) (14) (15) . A remaining question is whether the beneficial impact of FO in the aged cardiovascular (CV) system extends to improving brain health in the same individuals.
In the brain of normal adult animals, diets low in PUFAs result in poor learning, memory, and reduced synaptic plasticity (3) . The choice of model used to understand the relationship between PUFAs and brain function is important.
Studies employing a generational deficiency model (eg, [16] [17] [18] [19] [20] [21] , which deplete PUFAs over several generations of breeding, are difficult to translate directly into a normally aging population. Observations from generational depletion models in which PUFA repletion diet is used are likely evaluating the impact of PUFAs on neurobiological development (16) (17) (18) and do not extend to studies of aging in which neurobiological development is intact.
Alternatively, replacement models, such as that used in this study, typically compare the effects of diets with high and low levels of omega-3 PUFAs (eg, [22] [23] [24] [25] . In addition, they reflect a more useful translational model for aging research, in that the experimental designs are more similar to those used in clinical intervention trials, especially if the dietary manipulation occurs in late middle or old age. For example, in normally bred adult mice, 20 g/kg DHA supplementation to the diet for 3 months improved navigational ability in a three-partition maze (26) . Four weeks of DHA (300 mg/kg body weight) administration in gerbils increases the number of dendritic spines in the gerbil hippocampus (27) . However, there was no assessment of memory in these
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Inflammation in Aged Rats subjects, so it is not known whether an increase in spine density improves hippocampal function in this setting, or whether the intervention would be effective in the aged brain. From a therapeutic perspective, it is not known if efficacious dosages of omega-3 PUFAs that improve cardiac function in aging would also be effective for improving brain function. Clinical studies have shown that patients with dementia are likely to have low levels of omega-3 PUFAs (28), but whether omega-3 levels can be restored to normal levels and improve brain and/or cardiac function is not clear (eg, 29) . The current study was designed to explore the effects of a dietary intervention on both brain and cardiac function in the same subject using a wellestablished model of cognitive decline in aging (30) (31) (32) . This study directly examines the impact of PUFA supplementation in the form of FO on both memory impairment and cardiac dysfunction in aging in rats. CV parameters were assessed by evaluating heart structure and function using noninvasive echocardiography. Furthermore, the antiinflammatory mechanisms of LC-PUFAs (33) have been proposed to offer protection to the aged brain. This was tested by examining the number of activated microglia in the hippocampus in the same animals used for behavioral and cardiac analyses.
Methods

Subjects
Subjects included ten 6-month-old and twenty-one 28-month-old Fisher 344 × Brown Norway F1 hybrid (F344 × BNF1) male rats from Harlan Industries (Bethesda, MD). Animals were maintained on a 12-hour light/dark cycle (lights on at 6 am) with ad libitum access to rat chow (diets described in the following) and water, and housed in pairs. Animal care was conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and all studies were approved by the Institutional Animal Care and Use Committee of Wake Forest University School of Medicine. The young rats received the purified diet (without FO supplementation) upon arrival at Wake Forest University School of Medicine at 5 months of age. The aged rats began their purified experimental diets (±FO; see Table 1 ) at 24 months. Before beginning the study, all rats were fed standard laboratory rat chow (Purina) throughout their lifetime. The young rats were on the purified diet for 1 month (age at testing = 6 months) and the aged rats for 4 months (age at testing = 28 months) before cognitive and CV testing (Figure 1 ). Rats were kept on their respective experimental diets until sacrificed to collect tissues (brain and heart) for analysis. Rats were sacrificed 10-14 days after the completion of water maze testing. Immediately prior to perfusion, blood was obtained transcardially for the analysis of fatty acids in Figure 1 . Time line of experimental diet and testing for aged and young rats. Young and aged rats were fed a purified diet for 1 or 4 months, respectively, indicated by the gray line. The aged rats were further subdivided into two dietary groups (±fish oil). At the ages of 6 or 28 months, the rats underwent cognitive and cardiovascular (CV) testing and were maintained on their respective experimental diets until sacrificed 10-14 days after testing.
plasma. Blood was collected into tubes containing 38 units of heparin/mL, incubated on ice 1-3 hours, centrifuged at 300g for 15 minutes, and plasma collected and stored in aliquots at −80°C.
Diet Composition
The experimental diets consisted of 4% fat (by weight) and 23% protein (by weight) (whey + amino acids) on the AIN-93M purified base (Dyets Inc., Bethlehem, PA; Table 1 ). The fat source was soybean oil (alone or fortified with FO). Soybean oil provides medium-chain omega-3 (alpha-linolenic, ~8%) and omega-6 (linoleic, ~53%) PUFAs as well as saturated (palmitic, ~11%; stearic, ~4%) and monounsaturated (oleic, ~23%) fatty acids. The FO was microencapsulated and the food was stored light protected at 4°C until use to maintain stability. The FO contributed to 0.96% (by weight) of the total fat (2.2% of calories), with 18% being EPA and 12% DHA. This would afford an estimated 1.75 mg EPA and 1.17 mg DHA per day per animal. Overall, the diet composition was (as percent of calories) 64%-67% carbohydrates, 25% protein, and 9.4% fat (no FO) or 11.2% fat (+FO).
Measurement of Plasma Fatty Acids
Thawed plasma (50 mL in duplicate) was added to tubes containing 25 mg triheptadecanoin (as internal standard; NuChek Prep, Elysian, MN) and subjected to base hydrolysis. Derivatization of free fatty acids was performed in methanolic sodium hydroxide in the presence of boron trifluoride as previously described (34, 35) . The resultant fatty acid methyl esters were extracted with hexane and 23% sodium chloride, dried under nitrogen gas, and dissolve in iso-octane before analysis by gas chromatography with flame ionization detection by the Department of Pathology Lipid Core Laboratory at Wake Forest University School of Medicine.
Echocardiograms
Echocardiograms were performed in rats that were lightly anesthetized with an isoflurane (1.5%)/O 2 mixture via a nose cone during spontaneous ventilation. As previously described (36, 37) , images were obtained with the animal in a shallow left lateral decubitus position using a 12-MHz phased array transducer and Philips 5500 sector scanner (Philips Medical Systems, Andover, MA). Left ventricular (LV) end-diastolic and end-systolic diameters (LVEDD and LVESD, respectively), LV posterior wall thickness (PWT), and anterior wall thicknesswere measured from midpapillary short-axis images obtained by M-mode echocardiography. The percentage of LV fractional shortening (%FS), an index of contractile function, was calculated as FS (%) = [(LVEDD -LVESD)/LVEDD] × 100. LV systolic function was also determined by heart rate-corrected mean velocity of circumferential fiber shortening, calculated as follows: VCFc = ((LVEDD -LVESD)/(LVEDD × LVET)) × RR interval, whereby LVET represents LV ejection time in seconds from the beginning and end of the aortic valve velocity envelope by continuous-wave Doppler imaging. RR-interval is the time elapsing between two consecutive R waves in the electrocardiogram. LV mass was calculated using a standard cube formula, which assumes a spherical LV geometry according to the following formula: LV mass (LVmass) = 1.04 × [[LVEDD + PWT + AWT] 3 -LVEDD], where 1.04 is the specific gravity of muscle and AWT the anterior wall thickness. Relative wall thickness, an index of the geometric pattern of hypertrophy, was calculated as follows: 2 × PWT/LVEDD. Mitral inflow measurements of early filling velocity (E max ), deceleration slope of early filling velocity (E dec slope), and deceleration time of early filling flow velocity (E dec time) were obtained using pulsed Doppler, with the sample volume placed at the tips of mitral leaflets from an apical four-chamber orientation. Due to relatively high heart rates and fusion of the early and late Doppler profiles, the late transmitral filling velocity, or A max , was not recorded. The following measurements were made from the septal mitral annular velocity by tissue Doppler imaging: early diastolic (e′) and E/e′, as a measure of filling pressure. All measurements were performed with an off-line analysis system (Xcelera 3.1; Koninklijke Philips Electronics, Amsterdam, The Netherlands) by one observer who was blinded to experimental groups. An average of at least five consecutive cardiac cycles to minimize beat-to-beat variability was used for all measured and calculated systolic and diastolic indices.
Two weeks following the echocardiograms, rats were perfused and the brain and heart extracted and processed for immunohistochemistry and histopathology, respectively.
Cardiac Histopathology
LV collagen (interstitial) volume percentage, at the level below the mitral valve, was measured in picrosirius red (0.1%)-stained, 4-mm cross-sections. Ten optical images (×20) were taken from each left ventricle section for analysis. Adobe PhotoShop was used for collagen, tissue, and background selections. ImageJ (National Institutes of Health) software was then used for image analysis (38) . A single investigator, masked to the experimental groups, performed all histological analyses.
Spatial Learning
The water maze is a circular tank (1.83-m diameter and 0.58-m height) with a retractable escape platform and surrounded by black curtains with white patterns that provide spatial cues. During testing, the 25°C-27°C water was clouded by the addition of nontoxic white tempera paint (150 mL) and the top of the escape platform submerged 1 cm below the water surface. Data were analyzed using a video tracking system (Ethovision; Noldus Information Technology, Wageningen, The Netherlands).
Spatial reference memory was assessed during 8 days, in sessions of three trials per day. The rats were trained to locate the escape platform that remains stationary throughout training. During a training trial, the animal was placed in the water at the perimeter of the pool and allowed 90 seconds to locate the platform. If at the end of this interval the rat has failed to escape, he was placed onto the platform and allowed to remain there for 30 seconds. The position of entry for the animal varied at each trial. There was a 60-second intertrial interval. The primary measure of performance during the training trials was the cumulative search-the summation of the distance of the rat from the platform location sampled 10× per second. Lower scores indicate a more accurate search. Every sixth trial consisted of a probe trial that assessed the development of a spatial bias in locating the escape platform. During such trials, the animal swam a total of 30 seconds without the escape platform present; after that time, the platform was raised and made available for escape. The primary measure obtained during the probe trial was a proximity score, which is the sum of the cumulative search during the first 30 seconds of the trial.
This measure has been shown to be the most sensitive measure of performance of water maze probe trial performance (39, 40) .
Spatial reversal learning followed spatial memory assessment. It consisted of 1 day of three training trials, followed by a second day of two training trials and one probe trial. All parameters were identical to the spatial reference memory test described previously.
Cue training occurred on the last day of place training and consists of one session of six trials. During these trials, the visible platform raised 2 cm above the water surface was moved to different locations in the pool to test for sensorimotor and motivational factors that may influence spatial learning. Each rat was given 30 seconds to reach the platform and remained on the platform briefly. Trials were separated by a 30-second intertrial interval.
Immunohistochemistry and Cell Counting
Immunohistochemical staining of the hippocampus was performed on floating 40-mm-thick paraformaldehyde-fixed sections. Every 20th section through the dorsal hippocampus was collected beginning with the appearance of the dorsal blade of the dentate gyrus. While this resulted in counting two sections per animal, an initial subset of tissue was sampled at a 1-in-10 interval (eg, four sections per animal) and demonstrated similar results indicating that this interval is sufficient to reliably calculate density of activated microglia in the dorsal hippocampus in each animal. Sections were washed with tris-buffered saline (pH 7.5) and then quenched with 0.3% H 2 O 2 and blocked in 5% normal horse serum supplemented with 0.1% Triton X-100. Sections were incubated overnight at 4°C with antibodies raised against CD68 (1:500, ED1 clone; AbD Serotec, Raleigh, NC), a marker of activated microglia. Following incubation with biotinylated anti-mouse immunoglobulin G, labeling was revealed with peroxidase-conjugated avidin-biotin complex using nickelenhanced diaminobenzidine (yields dark purple/black reaction product) as chromogen. All sections were subsequently counterstained with the nuclear binding dye 4′,6-diamidino-2-phenylindole dihydrochloride (SigmaAldrich, St. Louis, MO). Sections were mounted on charged glass slides, dehydrated, defatted, and coverslipped. Sections were observed using an Olympus BX51 micro scope outfitted with a motorized stage controlled by a PC running Neurolucida software (MicroBrightField Inc., Williston, VT) and a MagnaFire camera (Optronics, Goleta, CA). Boundaries of the hippocampus and its subfields, the dentate gyrus, CA3, and CA1, were defined at low magnification and cells were exhaustively counted using a UPlan-FLN ×40 objective lens (N.A. 0.75). As the distribution of activated microglia is not homogenous throughout the extent of the hippocampus, strict stereological procedures were not employed. Rather, measures taken from matched C16:1n-7 (palmitoleic) 2.6 ± 0.4 (5.0 ± 1.1) 2.9 ± 0.3 (7.3 ± 1.1) 2.9 ± 0.3 (7.4 ± 1.1) C18:1n-9 (oleic) 11.0 ± 0.5 (20.1 ± 2.1) sections have been expressed as a density of immunopositive cells per square millimeter.
Statistical Analysis
Data were analyzed by group (young, aged, aged + FO) using an analysis of variance (ANOVA). Main effects of group were subsequently investigated with a Fisher's protected least significant difference to fully explore the potential differences between young and aged rats, in addition to the effects of FO supplementation in aged rats compared with both the young and the aged control (unsupplemented) rats. Post hoc Fisher's protected least significant differences were used for comparison of groups when a significant main effect was observed. Repeated measures ANOVA was used for the water maze training trial data (Group × Training Block), and one-way ANOVAs were used for post hoc comparisons. If homogeneity or normality was not satisfactory (eg, percent cardiac collagen), a nonparametric one-way ANOVA (Kruskal-Wallis) was performed on the ranked measurements followed by Dunn's multiple-sample comparisons.
Results
Plasma Fatty Acid Levels
Plasma fatty acids levels reflect both dietary intake and metabolism. Ten primary fatty acids were reliably detected in rat plasma (Table 2 ). There were undetectable levels of the several other known fatty acids including C14:0, C18:3n-6, C18:3n-3, C18:4n-3, C20:2n-6, and C20:3n-6.
Age Effects
Age altered the total plasma fatty acid content (Figure 2 ) of rat plasma. Figure 2A shows that the total fatty acid concentration of aged rats was nearly 40% higher than that of young rats. Among the individual fatty acids analyzed, C18:1n-9 (oleic acid) and C18:2n-6 (linoleic acid) showed comparable concentrations across the two age points. However, when these fatty acids are expressed as a percent of total fatty acids, they were significantly lower in the plasma of aged rats compared with the young animals ( Table 2 ). In contrast, the mass quantity of arachidonic acid (AA) was twofold higher in aged rats compared with the young Arachidonic acid (AA) is significantly lower in the young group compared with the aged, regardless of diet, and the aged rats on the fish oil (FO) diet have lower AA levels compared with the aged rats on the purified diet. Docosahexaenoic acid (DHA) levels are highest in the aged rats on the FO diet when compared with the aged and young rats on the purified diet. (C) The aged rats that consumed FO had a lower AA/DHA ratio that presumably reflects a less inflammatory diet. Note the lack of a difference between the young and aged rats on the non-FO-supplemented diet. *p < .05.
Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/66A/5/521/572338 by guest on 26 April 2019 animals and was 41% higher when expressed as a percent of total fatty acids ( Table 2 ). This increase in circulating AA levels occurred even though the two age-groups consumed an identical diet including the content of fatty acids.
FO Effects
Aged animals were fed a purified diet for 4 months supplemented with omega-3 PUFA-enriched FO (~1%; 2.2% of energy). FO supplementation induced an increase in circulating levels of the LC-PUFAs: EPA, DHA, and docosapentaenoic acid (C22:5n-3) when expressed as either mass or percent of total lipids ( Figure 2B ; Table 2 ). Additionally, FO supplementation caused a significant reduction in AA levels in aged rats ( Figure 2B) . Consequently, the AA/DHA ratio, as well as the total omega-6 to total omega-3 ratio, was markedly reduced by almost half when compared with that of the aged rats fed the unsupplemented diet and that of young animals (group, F(2,26) = 20.75, p < .0001; aged + FO < aged control and young, p < .0001; Figure 2C ; Table 2 ). These ratios have long been observed to be a useful indicator of qualitative dietary fatty acid intakes (41) .
Due to the perfusion of the brain for an immunohistochemical analysis of inflammation, we were unable to measure the level of fatty acids in the brain.
Body and Heart Weights
Body weights were measured after the completion of the water maze testing; heart weights were measured following perfusion and sacrifice. As expected, the aged rats weighed significantly more than the young animals (group, F(2,28) = 43.71, p < .0001; young vs aged, aged + FO, p < .05; Figure 3A ) and they had heavier heart weights (group, F(2,28) = 8.905, p < .001; young vs aged, aged + FO, p < .05; Figure 3B ). There was no effect of FO supplementation on body weight, heart weight, or heart to body weight ratio, a general index for LV hypertrophy in aged animals. These data reflect the isocaloric diets and suggest that the FOsupplemented diet was as palatable as the control diet.
Cardiac Structure and Function
In vivo analysis of cardiac structure and function was carried out by echocardiography for all groups 1 week after water maze testing. M-mode and Doppler measurements of LV structure and function are summarized in Table 3 . Two aged control rats were excluded from cardiac analyses because one had echocardiographic evidence of a large pericardial effusion with associated elevations in filling pressures; E/e′ was more than 2 SDs from the mean of the group (E/e′ = 39), and the other aged animal was in bigeminy at the time of examination. Aged control rats had significantly greater LV chamber dimensions (LVEDD and LVESD) and PWT at end diastole but no alteration in relative wall thickness compared with the young rats (Table 3) . A significant effect of group indicated that aged rats were about twice the weight (gram ± standard error of the mean) of young rats. There was no difference between the two aged groups. *p < .05 compared with aged, aged + fish oil (FO). (B) Heart weight after perfusion. Heart weights (gram ± standard error of the mean) significantly increased in aged rats compared with the young rats, regardless of diet. *p < .05 compared with aged, aged + FO. Notes: AWTed = anterior wall thickness at end diastole; e' = early mitral annular velocity; E/e' = transmitral early filling/early mitral annular velocity; E dec = deceleration time of early filling; E max = transmitral early filling velocity; FS = fractional shortening; HR = heart rate; HW/BW = heart weight/body weight; LV = left ventricular; LVEDD = left ventricular end-diastolic dimension; LVESD = left ventricular end-systolic dimension; PWTed = posterior wall thickness at end diastole; RWT = relative wall thickness; VCFc = mean velocity of circumferential fiber shortening corrected for heart rate.
* This lack of an age effect in relative wall thickness indicates that aging did not impact geometric remodeling. Specifically, aging did not lead to concentric hypertrophy and indicates relatively healthy cardiac integrity in aged F344 × BNF1 rats. FO supplementation significantly reduced the PWT at end diastole compared with the aged control rats, but it had no effect on the relative wall thickness, LVEDD, and LVESD (Table 3) . These structural data, when taken together with the significant but slightly thinner posterior walls of the aged + FO rats, indicate that FO supplementation was not harmful to cardiac structure and may be modestly beneficial by reducing the PWT at end diastole. These modest but beneficial results are in contrast to the effects of other dietary supplements such as l-arginine, which has been shown to produce increases in heart weight in aged normotensive and hypertensive rodents and to aggravate cardiac performance (42) . Systolic function was assessed by calculating FS%) and mean velocity of circumferential fiber shortening corrected for heart rate ( Table 3) . When compared with the young rats, the FS% was nonsignificantly decreased in aged control rats by 8%, whereas the aged + FO rats had a significant decrease of 12% (group, F(2,26) = 5.14, p < .01; post hoc, young vs aged control, NS; young vs aged + FO, p < .05). There was no difference in FS% between the aged control and aged + FO groups. Also, the mean velocity of circumferential fiber shortening corrected for heart rate was similar among all groups: group, F(2,26) = 0.32, NS. Taken together with the fact that circumferential fiber velocity shortening is a relatively load-independent measure of LV performance, whereas FS% is not (43) , these data suggest that systolic function was not overtly influenced by age or FO. As expected, heart rates among aged rats, regardless of diet, were lower when compared with the young rats.
Diastolic function during early LV filling was evaluated using both pulse wave and tissue Doppler. Even though the conventional pulsed Doppler parameters were unaffected by age or diet (Table 3) , the load-independent indices of diastolic function, namely e′ and E/e′, revealed the expected age-related declines in diastolic function (36, 37) . The tissue Doppler-derived measure of myocardial relaxation, e′, was significantly lower in the aged control group when compared with the young rats (group, F(2,26) = 4.37, p < .02, young vs aged control, p < .05). Moreover, LV filling pressure, as depicted by the E/e′ ratio, was significantly higher in the aged control versus young rats (group, F(2,26) = 8.84, p < .001; young vs aged, p < .01). In contrast, the FO modestly attenuated this effect of aging on E/e′ because the aged + FO group was no longer impaired relative to young. Taken together, these results indicate that FO supplementation resulted in a modest attenuation of the effect of age on e′ and E/e′ (Table 3 ) but the change was not robust enough to result in a significant difference in the numerical mean between the aged control and aged + FO.
Quantitative histological analysis of cardiac collagen deposition in the left ventricle below the mitral valve from young, aged, and aged + FO groups are presented in Figure 4 . This study confirms our previous observation (36) that interstitial collagen is modestly increased in aged control group when compared with the young group (KruskalWallis statistic = 7.201, p < .05; Dunn's multiple comparisons, young vs aged control, p < .05). Importantly, this age-related collagen deposition was attenuated by FO supplementation (young vs aged + FO: p > .05), which may explain, in part, the subtle mitigation by FO on the agerelated elevations in E/e′.
Spatial Memory
Young rats have better spatial learning ability compared with the aged rats with and without the FO supplement ( Figure 5A and B) . Training trial data shown in Figure 5A indicate that the young rats were most proficient in acquiring the task compared with the aged control and aged + FO groups (group, F(2,26) = 6.05, p < .01; young vs aged, p = .08; young vs aged + FO, p < .005). Although the statistical analysis with group as a factor showed a trend for a difference between young and aged control rats, if young versus old are compared in the absence of the FO group, there is a significant age effect: F(1,16) = 14.25, p < .005. The young rats had a stronger spatial bias for the escape platform location compared with the aged rats with or without FO supplementation ( Figure 5B ). Young rats perform significantly better than aged rats with and without FO (group, F(2,26) = 15.11, p < .0001; young vs aged, aged + FO, p < .05). Overall, the data demonstrate that spatial learning in aged rats was not affected dietary supplementation of FO.
Spatial reversal learning assesses an animal's ability to inhibit previously learned information (ie, the old platform location) with new information (a new platform location) and is dependent upon the function of the frontal-striatal circuitry (44, 45) . The reversal acquisition data indicate that the aged rats, regardless of diet, were poorer in learning the new platform location, although the repeated measures ANOVA only approached significance (group, F(2,26) = 2.86, p = .08, and no interaction, p = .18). Fisher's post hoc indicates that the aged + FO group performed significantly poorer than the young rats (p < .05) and the aged control group only approached significance (p = .06). The rate of learning, indicated by the magnitude of change between trial 1 and trial 2, demonstrates that the young rats were significantly faster at learning the location of the new platform location compared with the aged rats, regardless of the diet (group, F(2,26) = 3.19, p < .056; young vs aged control, aged + FO, p < .05). Finally, a probe trial at the conclusion of reversal learning was used to assess the spatial bias for new platform location ( Figure 6B ). As a group, the aged rats, regardless of diet, performed more poorly than the young group (group, F(2,26) = 11.73, p < .0005; young vs aged control, p < .005; young vs aged + FO, p < 0.0001; aged vs aged + FO, NS). Overall, the data demonstrate that dietary FO supplementation at a late stage is not effective in the prevention of the effects of age on spatial reversal learning.
Motor Ability and Vision
Motor ability was assessed by measuring the swim speed in the water maze during the visible platform trials. Figure 7A shows that all aged rats swam significantly slower than the young group, indicated by a main effect of group: F(2,26) = 9.47, p < .001. There was no effect of FO supplementation on the swim speed of the aged rats.
Visual acuity was determined by the latency to swim to a visible platform in the water maze and is shown in Figure 7B . There was no effect of age and no effect of FO supplementation. The deficit in latency to reach the visible platform was due to the slower swim speed of the aged rats and not visual deficits. Young rats perform significantly better than the aged control and aged + FO groups, and there are no differences between the two aged groups. *p < .05. Figure 6 . (A) The cumulative distance traveled to reach the escape platform during spatial reversal learning training trials. All groups were equally proficient acquiring the reversal task, although the data approached significance for a main effect of group (see text for explanation). A comparison of the steepness of the learning curve between trials 1 and 2 indicates that the aged control and aged + fish oil (FO) groups were slower to learn the new location of the platform compared with the young group. (B) Reversal learning probe trial performance. Aged rats were significantly impaired compared with their young counterparts regardless of diet composition. *p < .05.
Effect of Diets on Brain Inflammation in the Hippocampus
The dorsal hippocampus was specifically selected for an analysis of inflammatory status because this structure is functionally differentiated along its dorsal-ventral axis; the dorsal hippocampus plays a more pronounced role in spatial learning relative to the ventral hippocampus (46) . There was a main effect of group, F(2,21) = 92.03, p < .0001, on density of activated microglia, and subsequent post hoc analysis revealed that all aged rats, regardless of diet, had significantly greater density of activated microglia relative to young (p < .0001), but there was no difference observed between the aged control and aged + FO groups (Figure 8) . However, the effects of aging are apparent in a subregionspecific pattern, so additional analyses were conducted comparing among discrete hippocampal subregions. Using a repeated measures ANOVA to compare among different groups and subregions, there were main effects of group, F(2,21) = 95.19, p < .0001; subregion, F(2,42) = 33.52, p < .0001; and an interaction between group and subregion, F(4,42) = 14.14, p < .0001. Post hoc tests confirmed the results of the analysis of the whole hippocampus demonstrating that all aged rats, regardless of diet, exhibited higher density of activated microglia relative to young (p < .0001), but aged rats did not differ from each other when comparing control and FO diets. When testing the results of hippocampal subregion on microglial density, a one-way ANOVA did not reveal differences between hippocampal subregions when all animals were included in a single analysis: F(2,69) = 0.66, NS. However, when animals were separated by chronological age, aged rats, but not young rats, did exhibit subregion-specific differences, F(2,48) = 7.10, p < .005, with the CA3 demonstrating a greater density of activated microglia relative to the CA1 (p < .001) and dentate gyrus (p = .03). When aged rats were analyzed with respect to diet, only the rats fed control diet exhibited an effect of subregion, F(2,18) = 5.10, p < .05, whereas only a trend was observed in FO-fed rats, F(2,27) = 2.59, p = .09, NS. However, our sample size may lack the power to detect subregional differences when comparing aged rats on the two diets, and importantly, aged rats maintained on the FO diet did not differ from aged rats fed a control diet when considering whole hippocampus or each subregion in isolation. We have previously observed significantly increased density of activated microglia in the CA3 relative to CA1 in aged rats (47) , and recently published reports have suggested that CA3-specific alterations may play a significant role in cognitive aging (48) .
Discussion
Earlier studies in rats (49) and humans (50) have suggested that circulating levels of the proinflammatory fatty acid, AA, increase with age. In the current study, aged rats consuming a diet identical to that of young rats had much higher circulating levels of AA compared with the young rats. AA has long been considered to be pro-inflammatory and has been linked to CV disease, elevated blood pressure, and arthritis in humans (51) . The mechanism(s) responsible for these age-related differences is not known. It is interesting to note that these differences were observed on a low-fat (4%) diet (relative to the typical Western diet) and raises the important question of whether AA levels would have been even higher had a Western diet (with typical omega-6 fatty acid contents of 5%-10% energy) been utilized.
The addition of about 1% (by weight) FO (providing an estimated 1.75 mg EPA + 1.17 mg DHA per gram diet per day) to the diet of aged rats for 4 months effectively increased the levels of omega-3 PUFAs while decreasing the level of AA in plasma. This is consistent with an antiinflammatory fatty acid profile. Consequently, this dietary manipulation markedly reduced the omega-6 to omega-3 ratio (Table 2) , which would be expected to provide increased omega-3 PUFAs to the tissues, including the heart and brain because omega-6 and omega-3 fatty acids utilize the same uptake and acylation enzymes necessary for incorporation into complex lipids.
Although the fatty acid profile of erythrocyte membranes is thought to be less influenced by dietary fluctuations than that of the plasma in humans (52), the uniform purified diet provided to these animals minimizes the contribution of dietary variation in the current study as shown by the omega-6/omega-3 ratio, which was not different in young and aged rats consuming the unsupplemented diet. Importantly, the impact of FO supplementation in humans on the plasma and red blood cell fatty acid profiles are similar (53) .
Whereas increasing omega-3 content late in life did not reverse the senescent cardiac phenotype of the 28-month-old BNF344 rat, the 4-month dietary intervention of FO did attenuate some markers of cardiac aging; specifically, the age-related reductions in e′, and increases in E/e′ and collagen deposition. In contrast to the modest effects on specific cardiac measures, the age-related declines in cognitive function and increases in brain inflammation were not influenced by FO supplementation at the present dosing paradigm (summarized in Table 4 ).
Ample evidence has confirmed the altered diastolic compliance of the senescent heart (54, 55) . Our results build on those data and indicate that aged F344 × BNF1 rats have reduced myocardial relaxation, increased LV filling pressures, and a modest increase in cardiac collagen deposition. We found that FO supplementation to aged F344 × BNF1 rats modestly attenuated age-related lusitropic dysfunction and interstitial fibrosis, indicating a possible contribution of enhanced intracellular calcium regulation and reduced LV remodeling from omega-3 PUFA. It was shown previously that dietary FO supplementation reduced the susceptibility of myocytes to reactive oxygen species-induced injury and the ability to prevent rises in cellular Ca 2+ in response to reactive oxygen species (56) . Indeed, oxidative stress has been linked to CV aging (57-59) specifically due to a prolonged duration of myocardial relaxation (60) . FO-induced alterations in the fatty acid composition of the cell membranes may also contribute to lusitropic function by modifying membrane fluidity and elastic properties of myocardial cells (11, 61) . Although we did not measure the fatty acid composition of the myocardial membranes among the different groups of rats, our functional findings are supported by results obtained in healthy middle-aged adults (11) and non-human primates (62) showing that dietary FO consumption for 7 weeks to 2 years improved the early phase of LV diastolic filling. DAPI counterstain corresponding to each image shown. CD68+ cells were rarely observed in young rats, but density was significantly increased in aged rats regardless of diet (M and N; *p < .001 vs young control). Among aged rats, the density of CD68+ cells was significantly greater in the CA3 subregion relative to the CA1 (p < .001). Scale bar at bottom left in A is 250 mm. All images were acquired at the same magnification. Alv = alveus; CC = corpus callosum; Fi = fimbria; GCL = granule cell layer; HF = hippocampal fissure; LV = lateral ventricle; ML = molecular layer; PCL = pyramidal cell layer; SLM = stratum lacunosum-moleculare; SO = stratum oriens; SR = stratum radiatum.
It is possible that the FO-associated benefits on diastolic function could be a consequence of reduced LV remodeling. For instance, FO supplementation increased plasma adiponectin, suppressed inflammation, and prevented cardiac remodeling in a rat model of chronic pressure overload (63) and it reduced LV hypertrophy in hypertensive rats (64) . Although cardiac weight was not affected by FO in the present study, the reduced posterior wall thickness and the tendency for lower collagen volume among the aged supplemented rats compared with their unsupplemented cohorts suggest a potential role for omega-3 PUFAs in cardiac antiremodeling, which could, in turn, mitigate the age-related increases in LV filling pressure, or E/e′. Certainly, these cardioprotective effects could be consequences of lower blood pressure and reduced vascular stiffness. Geleijnse and colleagues (65) found that consumption of FO supplements was associated with subtle but significant reductions in blood pressure, particularly among older persons and those with higher blood pressures. Omega-3 PUFA also reduced hypertension and decreased early filling deceleration time, an index of diastolic function, in cyclosporine-treated cardiac transplant recipients (66) . Interestingly, Park and Park (67) recently showed that aortic wall thickness was significantly lower in rats supplemented with FO rather than soybean oil or shortening for 4 weeks, suggesting that FO could also have protective effects on vascular remodeling. Unfortunately, we did not obtain blood pressures or examine postmortem aortas from the rats in the present study. Nonetheless, the modest attenuation in age-related diastolic dysfunction in our model fits well with the cardioprotective roles of FO shown in primary and secondary heart failure prevention trials (7-9) and the improved resting hemodynamics and lipid profiles among healthy older individuals (10-15). Indeed, future studies are warranted to determine whether a higher dose and/or earlier commencement of omega-3 PUFA supplementation, for example, at midlife, could reverse or prevent the progression of diastolic dysfunction of aging.
The lack of an effect of FO on spatial learning and on the levels of activated microglia in the hippocampus could indicate that there were no changes in brain PUFA levels as a consequence of the dietary intervention. The limited ability of the brain to synthesis LC-PUFAs compared with the liver render it dependent on dietary-and hepatic-derived LC-PUFAs (5,68). Although we cannot confirm that the levels of PUFAs in the brain were altered since this tissue was processed for immunohistochemistry, it is possible that a higher FO dose may have had an impact of cognitive function parameters. Moreover, Moriguchi and colleagues (69) showed that DHA deficiency in young adult rat brains could be restored to normal levels in 8 weeks with an omega-3 repletion diet (69) . This is well within the 16-week supplementation period used in the present study. The Moriguchi studies were done in young rats and may not have similar effects in the aged brain. Indeed, repletion of DHA deficiency is effective at improving performance on a radial arm maze in young adult but not aged rats (16, 17) , suggesting that improvement of plasma anti-inflammatory properties may not be an effective intervention for brain aging.
Consistent with the hypothesis that improving plasma anti-inflammatory properties in aged animals may not affect brain aging is the apparent lack of an effect of FO on reducing the number of activated microglia in the hippocampus. Microglia are altered in response to inflammation by expressing an "active" phenotype that includes changes in size and ramification, as well as expression of several protein markers, including the one assessed in this study, CD68 (70) (71) (72) . The quantitative results from this study demonstrate the expected increase in activated microglia in aging, but there was no reduction in this inflammatory marker in aged rats treated with FO. This leaves open the possibilities that dosing parameters were not sufficient or that dietary changes must be started prior to the establishment of a chronic inflammatory state, at least in brain. Indeed, in studies by Riddle and colleagues (73) , substantial aging-related increases in activated microglia have been demonstrated in the hippocampus at least as early as 15-18 months of age.
Conclusions
The results from this study indicate that dietary FO supplementation administered late in life attenuated age-related declines in diastolic function but it did not limit age-related declines in memory or in brain inflammatory status. This study adds to our understanding of the effects of FO in the aged rat due to the comprehensive analysis of the effects of supplementation on memory, brain inflammation, heart, and physical function within the same individuals. Future studies are needed to address the hypothesis that supplementation may need to occur prior to the accumulation of inflammatory Notes: PUFA = polyunsaturated fatty acids. * Reversal of the aging phenotype is defined as a value that is significantly different from the aged group. The data may or may not be different from the young group but should change in that direction as it is presumed that the young phenotype is less harmful than the aged phenotype.
Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/66A/5/521/572338 by guest on 26 April 2019 damage to be effective in brain, and almost certainly in the heart. If the hypothesis were proven correct, it would indicate that supplementation is beneficial when used preventatively but ineffective at reversing damage if begun late in the life span after chronic inflammation has been established.
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